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ABSTRACT
Whereas many differential leukocyte count methods
for high somatic cell count (SCC) milk from mastitic
cows are available, only a few have been developed for
low SCC milk. We have developed a flow cytometric
differential leukocyte count method for low SCC milk.
The procedure consists of 1) 1.5 ml of diluted milk sam-
ple (30%, vol/vol dilution with PBS), 2) centrifugation,
3) leukocyte labeling with SYTO 13 and 4) flow cytome-
tric analysis. Four major leukocyte populations can be
clearly identified in the green fluorescence-side scatter
dot plot: lymphocytes andmonocytes (LM), polymorpho-
nuclear neutrophils (PMN), maturemacrophages (MΦ),
and cells with apoptotic features based on chromatin
condensation and nuclear fragmentation. The optimal
processing temperature was 20°C. Significant differ-
ences among samples with similar differential leuko-
cyte counts were found. Storage of milk samples during
2 d at 7°C had no effect on differential leukocyte count.
Using the newmethod, differential leukocyte count was
performed in low SCCmilk samples from cows in early,
mid, and late lactation. In accordance with previous
studies, PMN and MΦ percentages were lower and LM
percentages were higher in early lactation than in the
other stages of lactation. The percentage of cells with
apoptotic features was higher in early lactation than
inmid and late lactation. In conclusion, a rapid, simple,
accurate, and reproducible standard procedure was de-
veloped to determine the differential leukocyte count
(MΦ, PMN, LM, and cells with apoptotic features) of
bovine low SCC milk.
(Key words: differential leukocyte count, flow cytome-
try, low somatic cell count milk)
Abbreviation key: FS = forward scatter, LM = lym-
phocytes and monocytes, MΦ = macrophage, PMN =
polymorphonuclear neutrophil, SSC = side scatter.
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INTRODUCTION
The SCC of milk is generally considered to be an
important parameter for mastitis detection because in-
flammation of the mammary gland results in an influx
of somatic cells, predominantly polymorphonuclear
neutrophils (PMN), from the blood into the mammary
gland (Burvenich et al., 1994). The dairy industry is
currently focusing on SCC for reasons of bothmilk qual-
ity and udder health. However, little research has been
performed on the immunological significance of the resi-
dent cells in milk with respect to resistance against
IMI. Although the important role of blood PMN in the
pathogenesis of mastitis is well described, the contribu-
tion of resident milk cells to the intramammary defense
mechanisms is not well characterized. In healthy cows,
the number, differential count, and function of leuko-
cytes within the mammary gland could contribute to
the defense against invading pathogens. Both naturally
occurring (Vandeputte-Van Messom et al., 1993; Shus-
ter et al., 1996) aswell as artificially induced (Nickerson
et al., 1990) increased SCC have been shown to exert
a protective effect against the severity of the inflamma-
tory response to IMI. So far, however, little is known
about the qualitative role of milk leukocytes in healthy
cows with low SCC milk because the differential leuko-
cyte count in low SCC milk samples is difficult.
Several flow cytometric differential leukocyte count
methods for bovine milk have been described (Hagel-
torn and Saad, 1986; O¨stensson et al., 1988; Redelman
et al., 1988; Saad and O¨stensson, 1990). These methods
have predominantly been developed for high SCC milk
samples. In addition, little attention has been paid to
the standardization of sample preparation procedures.
Milk sample processing varies from the use of centri-
fuged whole milk samples (Redelman et al., 1988) to
dilution with a hypotonic buffer (Hageltorn and Saad,
1986; O¨stensson et al., 1988). Moreover, the tempera-
ture of milk sample collection, storage, and processing
is not well described. Flow cytometric identification of
bovine milk cells based on forward and side scatter is
difficult because phagocytosis of milk components may
alter both size and intracellular granularity, and cellu-
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lar debris may interfere with the scatter pattern of
normal cells. Therefore, most flow cytometric differen-
tial milk leukocyte count techniques are based on fluo-
rescent labelingwithmonoclonal antibodies against CD
molecules or DNA labeling (Darzynkiewicz et al., 1992;
Hageltorn and Saad, 1986; Kelly et al., 2000; Pillai et
al., 2001). The cells in milk are end-stage cells that
have been activated by diapedesis and phagocytosis of
milk fat and protein. From preliminary results it was
found that they are particularly sensitive to permeabil-
izing agents, causing drastic alterations of the forward
and side scatter pattern. The purpose of our study was
to develop a differential leukocyte count method with
minimal effects on milk cell morphology, in order to
approach the original cellular composition of milk as
close as possible. Therefore, alteration of cellular mor-
phologywas avoided by using a live cell permeable DNA
labeling dye and optimizing the processing and labeling
conditions. The study was designed to develop a stan-
dard method for differential leukocyte count of low
SCC milk.
MATERIALS AND METHODS
Animals and Milk Sampling
Healthy Holstein cows from the Ghent University
dairy farm (Biocentre Agri-Vet, Melle, Belgium) were
selected on the basis of three consecutive bacteriologi-
cally negative foremilk samples and SCC below 2 × 105/
ml milk per individual quarter. For development of the
method, cows (n = 6) in midlactation (150 to 210 d after
calving) were used. For application of the method, cows
(n = 21) in three different stages of lactation were used:
early lactation (22 ± 4 d after calving), midlactation
(185 ± 6 d after calving) and late lactation (245 ± 12 d
after calving). The parity of the cows ranged between
1 and 6. The cows weremilked twice daily. The differen-
tial leukocyte count milk samples were foremilk sam-
ples, aseptically collected before the morning milking
at 0800 h.
SYTO 13 Labeling
A stock of SYTO 13 (5 mM, Molecular Probes, Eu-
gene, OR) in DMSO was stored at −18°C and diluted
1:40 with RPMI 1640 (Gibco Life Technologies, Gaith-
ersburg, MD) immediately before labeling, according
to the manufacturer’s prescriptions. This corresponds
with a final concentration of 200 nM in the samples.
Two other dilutions (1:200 and 1:400; 40 and 20 nM
final concentrations, respectively) were also evaluated
with low SCC milk samples from five cows, but 1:40
was used for the standard procedure. RPMI (490 µl)
was added to the cell pellets (1 × 105 to 4 × 106 cells/
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ml), followed by 10 µl of diluted SYTO 13 solution. This
was incubated during 0, 5, 10, 20, and 30 min. A 10-min
incubation period was necessary for optimal labeling
of all cells (see Results) and was further used for the
standard differential leukocyte count procedure.
Flow Cytometry and Cell Sorting
Aflow cytometer (FACScan, BectonDickinson Immu-
nocytometry Systems, FL) equipped with an argon ion
laser was used for measurement of differential leuko-
cyte count. The excitation wavelength of the laser was
488 nm. The forward scatter (FS) signal was amplified
with a factor 1.98, whereas side scatter (SSC) and fluo-
rescence signals were not amplified. The voltage ap-
plied on the SSC detector was 381 V. The FS and SSC
were measured on a linear scale. Four hundred and
thirty voltswas applied on the photomultipliers for both
green and red fluorescence. Green fluorescence was
measured with a 530-nm band-pass filter and regis-
tered on a log scale, whereas red fluorescence emission
was measured with a 650-nm long-pass filter and also
registered on a log scale. The data were analyzed using
CellQuest (Becton Dickinson) software. Flow cytome-
tric differential leukocyte count of milk after SYTO 13
staining was quantified using the SSC-green fluores-
cence dot plot. Flow cytometric cell sorting of SYTO 13-
labeledmilk cells was performed using a FACSVantage
cell sorter (Becton Dickinson).
Confocal Laser Scanning Microscopy
A lambda (wavelength) scan was performed on cyto-
spin smears of SYTO 13 labeled milk cells using an
inverted confocal laser scanning microscope (DMIRBE
HCBfluoromicroscopewith aTCSSP2 confocal system;
LeicaMicrosystems,Wetzlar, Germany). Four different
regions of interest were defined around four different
cell types based on size and shape. The fluorescence
emission intensity at wavelengths between 498 and 644
nm was registered for these regions of interest.
Milk Sample Preparation
All milk samples were gently mixed before dilution
and further processing. For the flow cytometric cell sort-
ing procedure, cells were isolated from milk according
to Hoeben et al. (1997) and finally resuspended to a
concentration of 5 × 106/ml after counting with an elec-
tronic particle counter (Coulter counter Z2,Coulter Cor-
poration, Miami, FL). For the differential leukocyte
count procedure developed in this study, 1.5-ml milk
samples were layered on 3.5 ml of PBS into 12- × 75-
mmpolystyrene flow cytometry tubes (Vel, Leuven, Bel-
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gium) and centrifuged during 10 min at 180 × g. The
fat was removed, the supernatant was discarded, and
the tubes were kept upside down until they were care-
fully cleaned with a cotton swab to remove all fat adher-
ing to the test tube wall. The pellet was then resus-
pendedwith 490 µl of RPMI for flow cytometric differen-
tial leukocyte count or with 1 ml of tryptic soy broth
(TSB, Sigma Chemicals, St. Louis, MO) for preparation
of microscope slides.
Different dilution buffers were tested with low SCC
milk samples from six cows: PBS, RPMI 1640 supple-
mented with 1% bovine serum albumin (Sigma) and
0.2% sodiumazide (Sigma) andPBS supplementedwith
0.1% paraformaldehyde (Sigma).
The following dilutions of milk samples were evalu-
ated: 0.5, 1.0, 1.5, and 2.0 ml of milk + 4.5, 4.0, 3.5, and
3 ml of PBS, respectively, using low SCC milk samples
from six cows. To evaluate the effect of temperature on
the differential leukocyte count of milk, low SCC milk
samples from six cows were maintained at 4, 20, and
37°C from immediately after collection, over transpor-
tation and processing until flow cytometric analysis.
The optimal dilution (1.5 ml of milk with 3.5 ml of PBS)
and transportation and processing temperature (20°C)
(see Results) were further used for validation of the
standard differential leukocyte count procedure.
Effect of Sample Storage
on Differential Leukocyte Count
The effect of sample storage time was evaluated by
comparing the differential leukocyte count of freshmilk
samples with samples stored during 24 and 48 h at 7°C.
Variability of Differential Leukocyte Count Method
The variability of the flow cytometric measurement
of differential leukocyte count was tested by performing
six repeated measurements on one sample. Variability
of the complete differential cell count method was eval-
uated by performing five repetitions of the identification
procedure for low SCC milk samples from six different
cows. The significance of the difference of identification
between the milk samples was evaluated for 2, 3, 4,
and 5 repeated differential cell counts. The variability
of the method was also evaluated at 500, 1000, 2000,
and 3000 analyzed cells, with six repeated measure-
ments for each number of cells analyzed in a single
sample. In the standard procedure, 3000 cells per sam-
ple were analyzed.
Preparation of Microscope Slides
and Comparison Between Flow Cytometric
and Microscopic Differential Leukocyte Count
A described procedure for making microscope slides
was used (Dulin et al., 1982). Slides were prepared in
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a cytocentrifuge (Shandon, UK) using 200-µl cell sus-
pension with a concentration between 1 and 5 × 105
cells/ml. The suspensions were centrifuged during 10
min at 113 × g. The smears were stained with May-
Gruenwald’s eosin-methylene blue (Merck Diagnostica,
Darmstadt, Germany). At least 200 cells were identified
per sample, at amagnification of ×1000. Polymorphonu-
clear neutrophils (PMN) were identified based on their
multi-lobed dark purple stained nucleus and lightly
blue stained cytoplasm. PMN were characterized for
apoptosis based on the morphologic features of pycnotic
nuclei. Mature macrophages were large, with a light
purple stained round nucleus and a vacuolated cyto-
plasm. Milk lymphocytes had the same appearance as
their counterparts in the blood. Epithelial cells were
large, mostly without nucleus, irregularly shaped, and
homogeneously light blue stained. For comparison of
the flow cytometric differential leukocyte count method
withmicroscopy, low SCCmilk samples from 21 cows in
different stages of lactation were prepared in duplicate
using the sample preparation method described above.
One sample was used for flow cytometry and from the
other one, slides were performed in duplicate. Correla-
tion between the % LM, PMN, andmatureMΦ obtained
with the two methods was calculated.
Statistical Analysis
Statistical analysis of the data was performed using
statistical software (Statistix 4.0, Tallahassee, FL and
SPSS 11, SPSS Inc., Chicago, IL). The effects of sample
dilution, temperature, and storage time at 7°C were
evaluated using analysis of variance. For evaluation of
the method variability, the results were subjected to a
Wilk Shapiro rankit plot to examine the normality of
the distribution of repeated differential cell count anal-
yses. The significance of the difference between themilk
samples was evaluated using analysis of variance with
cow and repetition as independent variables. If analysis
of variance showed significant differences, post-hoc
comparisons between averages for different indepen-
dent parameters were performed using least signifi-
cant differences.
RESULTS
Flow Cytometry and Cell Sorting
Both red and green fluorescence emissions of bovine
milk cells were observed following SYTO 13 labeling.
Because the best resolution between the populations
was obtained with green fluorescence (FL1) and SSC,
these parameters were used for the differential leuko-
cyte count procedure. Red fluorescence was reduced at
lower SYTO 13 concentrations, but this also resulted
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Figure 1. Flow cytometric analysis (A) of SYTO 13-labeled bovine
milk cells: green fluorescence (FL-1)—side scatter (SSC) dot plot of
isolatedmilk cells used for flow cytometric cell sorting and subsequent
microscopic identification (B). R1: lymphocytes; R2: apoptotic cells;
R3: debris; R4: macrophages; R5: polymorphonuclear neutrophil
(PMN).
in decreased resolution in the green fluorescence (re-
sults not shown). In the FL1-SSC dot plot of isolated
cells, five different leukocyte populations were identi-
fied (Figure 1). Following flow cytometric cell sorting
of SYTO 13 labeled milk cells using the FL1-SSC dot
plot (Figure 1), the different cell populations were iden-
tified as: 1) SSClow-FL1high: highFL1LM (R1); 2) SSClow-
FL1 intermediate: intermediate FL1 LM (R1); 3)
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Figure 2. Microscopic identification of SYTO 13-labeled bovine
milk cells in different regions following flow cytometric cell sorting.
Regions correspondwith the regions in Figure 1. R1: lymphocytes; R2:
apoptotic cells; R3: debris; R4: macrophages; R5: polymorphonuclear
neutrophil (PMN).
SCClow-FL1low: cells with apoptotic features (R2); 4)
SSChigh-FL1high: mature MΦ (R4) and 5) SSChigh-FL1
intermediate: PMN (R5) (Figure 2). Uptake of SYTO
13 did not occur immediately and differed between the
cell types (results not shown). Saturation of the fluo-
rescence intensity was obtained in most cell types after
10 min of incubation and remained nearly constant
during 20min. The highest green fluorescence intensity
was observed in mature MΦ and viable PMN. Lower
fluorescence intensity values were found in cells with
apoptotic features, FL1low LM and debris. For the stan-
dard procedure, a 10-min incubation time of cells with
SYTO 13 was used.
Confocal Laser Scanning Microscopy
Using a lambda scan of SYTO 13-labeled milk cells
with confocal laser scanning microscopy, a different
morphology could be associated with different fluores-
cence emission characteristics (Figure 3A and B). The
cells in region of interest 1 had an intermediate size,
were round-shaped with a round nucleus, and had a
maximal fluorescence emission at 514 nm. This is con-
sistent with the characteristics of LM. The cells in re-
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Figure 3. Confocal laser scanning microscopic analysis of fluores-
cence emission of different SYTO 13-labeled bovine milk cells using
a wavelength scan. A) identification of different regions of interest
(ROI); B) fluorescence emission characteristics of the different regions
of interest identified in A). ROI1: LM (high FL1); ROI2: MΦ; ROI3:
PMN; ROI4: LM (high FL1).
gion of interest 2 were large, irregularly shaped, and
also had a maximal fluorescence emission at 514 nm,
but their fluorescence intensity was much higher than
any of the other cell types. These cells conform to the
characteristics of mature MΦ. The cells in region of
interest 3 had a multi-lobed nucleus and a maximal
but low fluorescence intensity at 498 nm, which are
typical features of PMN. Finally, the cells in region of
interest 4 had similar fluorescence characteristics as
the cells in region of interest 3, but the fluorescence
intensity was higher, especially in the higher emission
wavelength region. These cells conform to the charac-
teristics of high FL1 LM.
Milk Sample Preparation and Effect of Storage
Optimal conditions for milk sample preparation were
the following: 1) milk sample dilution with PBS or
RPMI-BSA; 2) 30% (vol/vol) dilution (i.e., 1.5 ml of milk
+ 3.5 ml of PBS); 3) a sample collection, transportation,
and processing temperature of 20°C. Both the SCC and
the differential leukocyte count remained constant
throughout a 48-h storage period at 7°C.
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Variability of the Differential
Leukocyte Count Method
The coefficient of variation for repeated measure-
ments in identical cell suspensions was 1.5% for LM,
1.4% for mature MΦ, 0.7% for PMN, and 0.8% for cells
with apoptotic features. The average coefficients of vari-
ation for the complete differential leukocyte count
method including sample dilution, resuspension and
SYTO 13 labeling of milk samples from six cows were
2.5% for LM, 15.8% for mature MΦ, 11.8% for PMN,
and 10.7% for cells with apoptotic features. According
to the Wilk-Shapiro rankit plot against the ordered
data, which resulted in a straight line, the samples
conformed to a normal distribution. Significant differ-
ences between the samples were obtained at P < 0.05
for duplicate differential leukocyte count assays and at
P < 0.01 for 3 or more repeated assays. The highest
variability between repeated measurements was ob-
served with 500 analyzed cells. The variability further
decreased from 1000 over 2000 to 3000 cells (results not
shown). The average percentage of cells in the different
regions was not dependent on the number of ana-
lyzed cells.
Correlation Between Flow Cytometric
and Microscopic Differential Leukocyte Count
For the LM population, a coefficient of correlation of
0.81 (P < 0.05) and for the PMN population, a coefficient
of correlation of 0.90 (P < 0.01) was obtained between
flow cytometric and microscopic differential leukocyte
count. The coefficient of correlation for the mature MΦ
count was 0.71 (not significant) between the two meth-
ods. For LM, flow cytometric results were systemati-
cally higher and for PMN and mature MΦ, flow cytome-
tric results were systematically lower than micro-
scopic results.
Differential Milk Leukocyte Count
in Different Stages of Lactation
In early lactation, the percentage of LM was higher
and the percentage of mature MΦ and PMN were lower
than in the other stages of lactation (P < 0.01) (Figure
4). Percentages of mature MΦ and PMN in early lacta-
tion were only about half of the values found in mid and
late lactation. The percentage of cells with apoptotic
features was about twice as high in early lactation as
in mid and late lactation. Due to the high variability
of the percentage of cells with apoptotic features among
early lactation cows (a coefficient of variation of 74%
was found); however, this differencewas not significant.
The differential milk leukocyte count of cows in mid
and late lactation was similar.
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Figure 4. Bar graph of differential milk leukocyte counts for
healthy cows (n = 21) with low SCC milk (SCC < 200,000 cells/ml)
in early lactation (22 ± 4 d after calving), midlactation (185 ± 6 d
after calving) and late lactation (245 ± 12 d after calving).
DISCUSSION
A simple, accurate, and reproducible flow cytometric
differential leukocyte count method for low SCC milk
from healthy cows was developed in this study. The
method is complementary to flow cytometric differen-
tial leukocyte count methods for high SCC milk (Pillai
et al., 2001; Redelman et al., 1988). The small amount
of cells in milk from healthy cows (< 105cells/ml;
Laevens et al., 1997), makes the identification of leuko-
cytes more difficult than in high SCC milk (109 cells/
ml during coliform mastitis; Dosogne et al., 1997). A
maximal amount of identifiable cells in low SCC milk
was obtained with 1) a 30% (vol/vol) dilution of milk
samples (which corresponds with large-scale isolations;
Hoeben et al., 1997); 2) centrifugation and removal of
the fat layer; 3) resuspension of the pellet with RPMI
1640; 4) a sample collection, storage and processing
temperature of 20°C. Although the initial SCC of the
milk samples was low, a sufficient number of cells was
obtained from 1.5-ml samples. Thus, our method is ap-
plicable for small volumes of low SCC milk samples.
Another advantage of the method described here is that
milk samples can be stored for 2 d at 7°C without any
effect on the differential leukocyte count. The method
was also shown to be reproducible, even at a very low
number of cells analyzed: variability was not signifi-
cantly different between 1000; 2000 or 3000 analyzed
cells and the average values for differential milk leuko-
cyte count were not dependent on the number of ana-
lyzed cells.
Four populations with different fluorescence emis-
sion characteristics were obtained upon SYTO 13 stain-
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ing of milk leukocytes. The high fluorescence of mature
MΦ is consistent with previous results obtained with
acridine orange labeling (Hageltorn and Saad, 1986)
and could be explained by a higher degree of mitochon-
drial RNA staining. Indeed, green fluorescence ob-
tained with the SYTO dyes is not only governed by
stoichiometric DNA binding, but also by cytoplasmic
mitochondrial labeling (Poot et al., 1997). The emission
wavelength maximum of SYTO 13-labeled RNA (514
nm) is similar to DNA (509 nm) (Molecular probes,
SYTO green fluorescent nucleic acid stains product in-
formation sheet). Mitochondrial labeling could also ex-
plain the high green fluorescence of some LM and is
indicative of a high metabolic rate. PMN and LM had
similar fluorescence characteristics but could be distin-
guished on the basis of cytoplasmic granularity, which
was typically higher for PMN than for LM.
In addition to normal viable leukocytes, a significant
proportion of cells with apoptotic features could be de-
tected. This is consistent with the “degenerating cells”
found in milk using carboxydimethylfluorescein diace-
tate labeling (Redelman et al., 1988). These cells were
characterized as apoptotic based on their lower green
fluorescence and their smaller size in the FS-SSC dot
plot in comparison with living cells. Features of
apoptosis were confirmed using morphological analysis
after cell sorting. In general, a decreased stainability
with DNA-specific fluorochromes and a decreased FS
have been described as methods to identify apoptotic
cells (Darzynkiewicz et al., 1992). With the SYTO dyes,
including SYTO 13, a decreased green fluorescence has
been found to characterize apoptotic human lymphoid
B cells in comparisonwith living cells (Poot et al., 1997).
Together, both from literature data and from our
experimental results, it can be suggested that bovine
milk cells with decreased green fluorescence emission
upon SYTO 13 labeling were indeed apoptotic.
The percentage of PMN, mature MΦ, and LM during
different stages of lactation found using the new tech-
nique correspond well with other flow cytometric differ-
ential leukocyte count results in literature (O¨stensson
et al., 1988; Leitner et al., 2000; Pillai et al., 2001).
Differential milk leukocyte counts obtained with flow
cytometry may, however, differ from microscopic re-
sults: for example, higher PMNcountswere found using
flow cytometry than with microscopy (Miller et al.,
1993). These differences could be explained by disrup-
tion of aged and apoptotic PMN during preparation
of slides, resulting in lower microscopic PMN counts.
Divergent differentialmilk leukocyte count results may
also be explained by different definitions of milk cell
types. This is particularly the case for the monocyte-
macrophage population. With our method, monocytes
were distinguished separately from mature MΦ. This
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may explain the lower percentage of mature MΦ with
ourmethod thanwhat is described in literature (Concha
et al., 1988). However, if LM and MΦ are counted to-
gether, as performed by Pillai et al. (2001), our results
correspond well with their results obtained from unin-
fected quarters.
Using the developed differential leukocyte count
method, we have found a 2 times increased percentage
of apoptotic milk cells in early lactation in comparison
with midlactation. This is consistent with previous
findings using Annexin V-FITC staining and light mi-
croscopy (Van Oostveldt et al., 2001). Whereas the im-
pact of this finding for susceptibility tomastitis remains
to be investigated, the presence of a high number of
apoptotic cells may significantly compromise the capac-
ity of resident milk cells to mount an adequate immune
response upon infection. Indeed, not only have apoptotic
PMN a decreased bactericidal capacity (Van Oostveldt
et al., 2002), but also can they compete with pathogens
for phagocytosis by MΦ.
In conclusion, a simple and rapid standard flow cyto-
metric procedure was developed to perform differential
leukocyte counts in low SCC milk from healthy cows.
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